We still do not understand the nature of the three strange objects LHS 3250, LHS 1402, and SDSS 1337ϩ00 (5) (6) (7) , all of which lie at R59F Ϫ I N colors near Ϫ0.5 (well outside of Fig. 4 ). The kinematics of these stars, with the exception of LHS 1402, suggest that they may be disk objects. Although they are certainly cool white dwarfs, we know neither their effective temperatures nor their atmospheric compositions. They may represent another, perhaps unusual, stage in the spectral evolution of cool white dwarfs.
The direct detection of a significant white dwarf halo population opens promising avenues of investigation. Besides the opportunity to study individual white dwarfs that are older and cooler than any known so far, dedicated studies of this population of stellar remnants will bear directly on the ancient history of the galaxy. For instance, a determination of the luminosity function of halo white dwarfs and a characterization of the low luminosity cutoff will reveal the age of the first generation of halo stars, lead to a determination of its initial mass function, and provide strong constraints on formation scenarios of the galaxy. The interpretation of observations of young galaxies at high redshifts will benefit from a better understanding of the early history of our galaxy. Finally, the complete characterization of this new stellar population will reveal whether it is responsible for the microlensing.
Note added after online publication: This text reflects the correction of a few typographical errors in the online version of the table. It also includes the new constraint on the calculation of d max which accounts for the fact that the survey could not have detected stars with proper motions below 0.33 arc seconds per year.
Metallic single-walled carbon nanotubes have been proposed to be good onedimensional conductors. However, the finite curvature of the graphene sheet that forms the nanotubes and the broken symmetry due to the local environment may modify their electronic properties. We used low-temperature atomically resolved scanning tunneling microscopy to investigate zigzag and armchair nanotubes, both thought to be metallic. "Metallic" zigzag nanotubes were found to have energy gaps with magnitudes that depend inversely on the square of the tube radius, whereas isolated armchair tubes do not have energy gaps. Additionally, armchair nanotubes packed in bundles have pseudogaps, which exhibit an inverse dependence on tube radius. These observed energy gaps suggest that most "metallic" single-walled nanotubes are not true metals, and they have implications for our understanding of the electronic properties and potential applications of carbon nanotubes.
Are "metallic" single-walled carbon nanotubes (SWNTs) true metals (1)? This question has attracted theoretical interest (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) and is of increasing practical importance because of the potential applications of SWNTs in nanoelectronic devices (14, 15) . Tight-binding calculations carried out for the two-dimensional (2D) graphene sheet model predict that SWNTs with indices (n, nϩ3q) (where q is an integer) should be-have as metallic quantum wires with high electrical conductivity (2) (3) (4) 15) . However, the finite curvature of SWNTs alters the overlap of -electron wave functions, and this could produce small energy gaps in "metallic" zigzag (n,0) (where n is a multiple of 3) and chiral SWNTs at the Fermi energy (E F ) (3) (4) (5) (6) (7) (8) . In addition, intertube interactions can break the rotational symmetry of armchair SWNTs (n,n), which allows mixing of and * bands, and has been predicted to lead to a pseudogap at E F (9 -13) .
Direct experimental data addressing these predictions have been lacking, although the nature of nanotube electronic density of states (DOS) near E F is clearly critical to our understanding of electrical transport through these materials. We have used low-temperature scanning tunneling microscopy (STM) to characterize the atomic structure and local DOS of metallic zigzag and armchair SWNTs. The STM measurements were carried out in ultrahigh vacuum at ϳ5 K on SWNT samples supported on Au(111) substrates as described (16 -18) . Particular care was taken to minimize solution processing of the SWNTs (which can deposit impurities and/or dope the tubes) and to remove absorbed gases in the ultrahigh-vacuum environment before sample cooling. Atomic resolution was routinely achieved on the SWNTs, and more than 20 zigzag and armchair SWNTs were characterized in detail in this study.
Analysis of a typical atomically resolved STM image of a SWNT in a bundle ( Fig. 1A) shows that the chiral angle [where is defined relative to the (n,0) zigzag direction, i.e., ϭ 0 for zigzag SWNTs] is zero and the diameter d is 1.17 Ϯ 0.06 nm. This angle defines the SWNT as an achiral zigzag tube, and from the diameter constraint we assign indices of (15,0). In general, the high quality and stability of the image data have enabled straightforward assignment of the indices of the SWNTs investigated in this study. Consistency in the assignment of indices was checked by comparing the measured tunneling conductance data, which were acquired by tunneling spectroscopy simultaneously with the images, with the DOS calculated using a -only tight-binding calculation for the assigned indices (17, 18) . The agreement between the measured and calculated van Hove singularity peaks is excellent (Fig. 1B) .
The spectroscopy data ( Fig. 1B ) also show previously unobserved features near E F in (n,0) SWNTs where n/3 is an integer-that is, "metallic" zigzag tubes. Specifically, the data recorded on (9,0), (12,0), and (15,0) tubes show gap-like structures at E F . High-resolution current-voltage (I-V ) and conductance-voltage [(dI/dV )-V ] spectra were acquired to elucidate the nature of these gap-like structures. Spectra measured from more than 10 distinct locations in each tube and from distinct tubes with the same indices were found to be very reproducible. In representative plots of I-V and (dI/dV )/(I/V ) (Fig. 1C) , which is proportional to the local DOS, a complete suppression of the DOS near E F with sharp increases at energies that depend on the zigzag tube radius can be seen. The widths of these gaps were extracted (19) from the measured spectra to yield averaged energies of 0.080 Ϯ 0.005, 0.042 Ϯ 0.004, and 0.029 Ϯ 0.004 eV for (9,0), (12,0), and (15,0) SWNTs, respectively. Therefore, these "metallic" zigzag tubes are in fact small-gap semiconductors.
The inverse dependence of the gap magnitude on tube radius implies that these gaps arise from curvature in the graphene sheet (20) . To gain more physical insight into these small gaps, we have developed a model that treats the curvature-induced shift of the Fermi wave vector (k F ) using an approach similar to that for deformed SWNTs (21) . Briefly, finite curvature reduces the overlap of nearest-neighbor orbitals by a factor of cos 2 (␣) (Fig. 2B) , which shifts k F from the first Brillouin zone corner (K-point) of a 2D graphene sheet. For "metallic" zigzag tubes, k F moves away from the K-point along the circumferential direction c (Fig. 2B ) such that the allowed one-dimensional subband k no longer passes through k F ; that is, a small gap opens at E F . The model further predicts that the small energy gaps of "metallic" zigzag tubes should scale as A o /R 2 with A o ϭ 3␥ 0 a cc 2 /16, where R is the tube radius, ␥ 0 is the magnitude of the tightbinding transfer matrix element, and a cc ϭ 0.142 nm is the carbon-carbon bond distance. This result is consistent with previ-ous full-valence tight-binding calculations (6 ) and analytical calculations for a Hamiltonian on a curved surface (8) .
Our experimental data fit well the predicted A o /R 2 dependence ( Fig. 2A) and yield a ␥ 0 value of 2.60 eV. This value of ␥ 0 is in good agreement with the range of 2.5 to 2.7 eV determined in previous STM studies (16 -18, 22) and with values determined from first-principles calculations (7 ) , and thus provides an additional consistency check in our work.
In previous STM studies, it was suggested that the absence of small-gap structures could be due to temperature or substrate effects (16, 22) . The present investigations show that the SWNT-substrate interaction does not obscure these intrinsic small-gap features and that the magnitudes of the gaps in "metallic" zigzag SWNTs are sufficiently large that they should have been observable. A more likely reason for the failure to observe these gaps previously is that the aforementioned STM measurements were made on predominantly chiral metallic tubes with ԽԽ Ͼ 0. Because the predicted gaps decrease rapidly as ԽԽ increases from zero (6, 8) , thermal excitations and instrumental noise could readily obscure intrinsic small-gap features in the chiral tubes. This dependence underscores the importance of making atomically resolved measurements in order to resolve and understand the role of curvature.
We have also carried out measurements on a number of (n,n) armchair SWNTs, which are expected to be true metals because of the crossing of and * bands at E F (2-4, 15, 18) . Atomically resolved images of an (8, 8) SWNT in a bundle and an (8, 8) tube isolated on a Au(111) substrate surface (Fig. 3, A and B ) are representative of those analyzed. Comparison of the tunneling spectra with the calculated DOS of an isolated (8,8) SWNT (Fig. 3C) shows good agreement for the positions of the van Hove singularity peaks for the (8, 8) tubes both in the bundle and isolated on the substrate. These data suggest that isolated and bundle tubes have very similar electronic band structures for energies greater than 0.1 eV (the positions of the van Hove singularities are essentially the same), and thus suggest that tube-tube interactions do not perturb the electronic band structure features at larger energy scales.
Tunneling spectra recorded on the (8,8) SWNT in the bundle also exhibit a gap-like feature at E F that is not present in spectra of the isolated (8, 8) armchair tube. High-resolution measurements (Fig. 3D) show unambiguously that there is a reproducible gap in the DOS at E F in the bundle armchair SWNT, whereas there is no such feature for the structurally identical tube isolated on the substrate (i.e., the DOS is finite and constant around E F ). The gap feature observed in the (8, 8) tube is substantial (ϳ100 meV ) but distinct from the curvature-induced gaps discussed above, because the DOS are suppressed but not reduced completely to zero at E F . For this reason, we term this feature a pseudogap. We have observed similar pseudogap structures in a number of other armchair SWNTs in bundles (six independent tubes characterized in total) (Fig. 4A) . Overall, the magnitudes of the gaps range from ϳ80 to 100 meV in the (10,10) through (7,7) SWNTs characterized in our studies, and these magnitudes exhibit an inverse dependence on tube radius.
Our results for armchair SWNTs are consistent with recent theoretical studies (9 -13) but also show differences. Qualitatively, the origin of the pseudogap can be understood by considering the and * bands. In an isolated armchair SWNT, the Fig. 2 . Curvature-induced gaps in "metallic" zigzag SWNTs. (A) Energy gaps versus tube radius. Every data point (triangle) represents the averaged gap value for one distinct (n,0) tube; the solid line corresponds to a fit of 3␥ 0 a cc 2 /(16R 2 ) with ␥ 0 ϭ 2.60 eV. Inset shows a typical fit of the DOS (solid line) to the experimental data (circles) for a (9,0) tube with ␦ ϭ 0.006 eV (19) . (B) Schematic of the shift of k F for a curved graphene sheet. Upper panel: A and BЈ represent the parallel orbitals of two nearest-neighbor carbon atoms on a flat graphene sheet, B denotes the orbital of a nearest-neighbor atom on a curved surface, and ␣ is defined as the angle between AB and ABЈ and represents a measure of curvature. Lower panel: The bold lines represent the two sides of the first Brillouin zone of a flat graphene sheet, the thin parallel lines are the allowed onedimensional k-states, and c is the circumferential direction perpendicular to the tube axis. In "metallic" zigzag SWNTs, k F moves along the c direction away from the K-point. and * bands have different parity under a reflection operation and cross at E F without opening a gap (7 ) (Fig. 4B , upper panel). However, when the n-fold rotational symmetry is broken by, for example, strong tube-tube interactions (9 -12) , the * and bands can mix, which produces a pseudogap at E F (Fig. 4B, lower panel) . Comparison of our experimental results with calculations carried out by four independent groups (9 -13) shows good agreement for (8, 8) indices (12) and some deviations for (10,10) indices (9 -11, 13) . This suggests that the basic physics underlying pseudogap formation is correct, although a complete understanding will require more accurate simulation of the experimental conditions. For example, the (n,n) tubes exhibiting pseudogaps in our studies are on the surface of a bundle, whereas the theoretical studies considered tubes in crystalline or completely disordered bundles. In addition, it is important to recognize that our results show that interactions between isolated armchair SWNTs and Au(111) substrates (Fig. 3B ) are sufficiently weak that they do not perturb the SWNT band structure near E F .
Our experimental results also show that the magnitude of the pseudogap depends inversely on SWNT radius (Fig. 4A) . A recent theoretical study of (n,n) SWNTs in a trigonal lattice (13) suggests that the mag-nitude of the pseudogap depends inversely on the square root of the tube radius (dashed line, Fig. 4A ). This prediction is in qualitative agreement with our results, although the quantitative agreement is poor; that is, our data exhibit a stronger size dependence. It is possible that the greater -orbital extension outside tubes with smaller radii (5) leads to stronger tube-tube interactions (and hence larger pseudogaps) than in tubes with larger radii, although additional work will be necessary to better understand the underlying physics.
The presence of sizable gaps in "metallic" zigzag and armchair SWNTs shows that the electronic properties of these materials differ substantially from the expectations of simple models, and that this difference should be considered in the interpretation of electrical and optical measurements and in applications of SWNTs in nanoelectronics. The complete gaps in (n,0) zigzag tubes show that these materials are semiconductors. Additionally, the large pseudogaps in armchair tubes in bundles will modify electrical transport, and the very low DOS at E F will make extended states in such tubes susceptible to localization. From a positive standpoint, the presence of the pseudogap in armchair SWNTs should make these samples sensitive to doping, which may enable the exploitation of this phenomenon in sensor applications.
Our results also show that isolated armchair SWNTs have neither gaps or pseudogaps; thus, by controlling the local environment of armchair tubes, it will be possible to maximize their conductivity-for example, as interconnects in molecular electronics. Fig. 4 . Pseudogaps in armchair SWNTs. (A) Summary of the observed energy gaps versus tube radius. Each experimental data point (triangle) represents an average gap value measured on a distinct (n,n) tube. In the inset, the dot-dash line is a fit to the background of the normalized conductance data; the gap value is defined by the intersection of this dashed line and the experimental DOS curve. Theoretical results are also shown for comparison: The solid square and dashed line correspond, respectively, to the gap value of a (10,10) tube and radius dependence of the gap widths (13) ; the open square is the result for a (10,10) tube from (9) ; and the solid circle shows the value calculated for an (8, 8) tube (12) . The (10,10) result from (11) 
